The possibility of using tirapazamine (SR 4233) to identify hypoxic cells in multicell spheroids and murine tumours was examined by measuring tirapazamine-induced DNA damage to individual cells from multicell spheroids and SCCVII murine tumours. Fluorescence microscopy and image analysis were used to measure the extent of migration of DNA from individual cells embedded in agarose and exposed to an electric field. Using both the alkaline and neutral versions of the comet assay, at least 20 times more single-strand breaks were observed in cells from fully anoxic than fully oxic Chinese hamster V79 spheroids exposed to 30 ;M tirapazamine, and about 10 times more single-than double-strand breaks were observed. Cells from spheroids containing about 50% radiobiologically hypoxic cells showed a pattern of tirapazamine breaks which translated to approximately 30% well-oxygenated cells, 10% anoxic cells and 60% cells intermediate in oxygenation. Sensitivity for measuring cell oxygenation in SCCVII tumours growing in C3H mice was also demonstrated. Cells close to tumour blood vessels showed less DNA damage by 20 mg kg-' tirapazamine than cells distant from blood vessels. Rejoining of single-strand breaks was exponential, with a half-time of about 1 h under aerobic conditions, but rejoining half-time increased to 2 h for cells allowed to repair under anoxic conditions. While tirapazamine damage to DNA measured using the comet assay cannot provide a direct measure of hypoxic fraction, the degree of heterogeneity in DNA damage can be used to estimate the range and distribution of individual cell oxygen contents within spheroids and tumours.
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Keywords tumour hypoxia; bioreductive drugs; SR 4233; DNA damage; spheroids Oxygenation of solid human tumours continues to be a topic of considerable clinical interest since the presence of hypoxic tumour cells is generally believed to limit the radiocurability of some solid tumours (e.g. Bush et al., 1978; Okunieff et al., 1993) . A variety of methods have been developed, or are in the process of development, for measurement of human tumour oxygenation (reviewed by Stone et al., 1993) . The current interest in measurement of tumour hypoxia in individual tumours is largely a result of the appreciation that hypoxic cell-specific therapies should be directed against only those tumours likely to benefit.
Recently the clinical application of the 'comet' assay was described for detecting hypoxia in tumours from patients with advanced breast cancer . This method can be used to measure radiation-induced DNA strand breaks in individual cells, which can be conveniently obtained from fine-needle aspirates. Detection of radiobiologically hypoxic cells using the comet assay is based on the fact that such cells sustain at least three times fewer radiation-induced strand breaks than aerobic cells, and the relation between oxygen tension and DNA strand breakage by radiation is virtually identical to the relation between oxygen tension and cell k-illing by radiation (Chapman et al., 1974) . However, at present, application of this method in human tumours requires irradiation of the tumour with a dose in excess of 3 Gy and immediate biopsy after irradiation. The resolution for detecting hypoxic cells is limited by rapid strand break rejoining kinetics and by the small differential between the response of aerobic and hypoxic cells at low doses. Therefore, the hypothesis was examined that exposing tumours to drugs which preferentially damage the DNA of hypoxic cells would provide better resolution than X-ray-induced DNA damage for identifying hypoxic tumour cells using the comet assay.
lonising radiation produces about a 3-fold differential in DNA damage in hypoxic vs aerobic tumour cells. However, several bioreductive drugs show very large aerobic-hypoxcic toxicity ratios; tirapazamine kills anoxic cells at concentrations up to 150 times lower than those required to kill the same fraction of well-oxygenated cells (Zeman et al., 1986) . Tirapazamine is preferentially metabolised under anoxia by a variety of reductases (Walton and Workman, 1993; Wang et al., 1993) . Reactive intermediates cause selective killing of hypoxic cells, thus forming the rationale for this agent in the chemotherapy of solid tumours containing hypoxic cells (Brown, 1993) . The selective DNA damage produced in hypoxic cells by tirapazamine (Laderoute et al., 1988; Cahill and White, 1990; Biederman et al., 1991; Wang et al., 1992) suggests that such drugs might prove effective in identifying hypoxic cells in solid tumours and normal tissues when applied in conjunction with a method which can measure DNA damage in individual cells.
The comet assay is able to detect DNA damage produced in individual cells. Based on a single-cell gel electrophoresis method originally described by Ostling and Johanson (1984) , this method has been adapted for video image analysis to detect single-strand breaks, double-strand breaks or crosslinks (Olive et al., 1990 Olive and Banath, 1993a) . The comet assay was used to determine the amount of DNA damage produced in cells from Chinese hamster V79 multicell spheroids and SCCVII murine tumours exposed to tirapazamine. Since DNA damage measured after tirapaine exposure is an indication of both the amount of damage induced by that point in time and the repair that has occurred prior to tumour excision, the kinetics of repair of damage was examined. (Olive, 1989) .
Mice were irradiated whole body in Plexiglas chambers at a dose rate of 4.5 Gy min-'. Following irradiation, mice were sacrificed by cervical dislocation and tumours rapidly excised and placed in ice-cold PBS. A single-cell suspension was prepared from the entire tumour by mincing the tissue and filtering the suspension through 50 p.m nylon mesh. The suspension was then centrifuged and resuspended in complete medium.
Hoechst 33342 tumour cell sorting To examine the response of tumour cells to radiation as a function of their distance from the functional vasculature, mice were injected intravenously with 0.1 ml of the fluorescent perfusion stain Hoechst 33342 (8mgml-I in PBS) approximately 20 min before asphyxiation or irradiation. After inradiation, mice were sacificed and tumours were removed and disaggregated enzymatically as previously described (Olive, 1989) . Tumour cells were exposed for 5 min on ice to a 1:100 dilution of fluorescein isothiocyanate (HITC)-conjugated goat anti-mouse IgG (Sigma) to stain macrophages which are the most abundant normal cell constituent of this tumour (Olive, 1989) . IgG-negative cells were sorted on the basis of Hoechst 33342 concentration into the 10% most dimly fluorescent and 10% most brightly fluorescent populations, using a Becton-Dickinson FACS440 cell sorter (Chaplin et al., 1985) . DNA damage measured using the comet assay For the alkaline comet assay, single cells from spheroids or SCCVII tumours were suspended in ice-cold PBS at a concentration of 2-4 x 104cels ml-'. Then 0.5 ml of cel suspension (I0 cells) was placed in a 5 ml disposable tube and 1.5 ml of 1% low gelling temperature agarose (Sigma type VII prepared in distlled water and held at 40-C), was added to the tube. Then 1.5 ml was quickly pipetted onto a half-frosted microscope slide and allowed to gel for about 1 min on a cold surface. Slides were carefully submersed in an alkaline lysis solution containing 1 M sodium chloride, 0.03 M sodium hydroxide and 0.1% sarkosyl for 1 h followed by a 1 h wash in 0.03 M sodium hydroxide, 2 mM EDTA, before electrophoresis in a fresh solution of 0.03 M sodium hydroxide, 2mM EDTA, at 0.6 Vcm-' for 25min. Slides were rinsed and stained for 10min in 2.5 gml-' propidium iodide. viewed using a 25 x objective and images were analysed using a fluorescence image processing system previously described (Olive et al., 1990) . As the number of DNA strand breaks increased, the amount of DNA able to migrate away from the comet head increased proportionate to dose. The 'tail moment', defined as the product of the percentage of DNA in the comet tail multiplied by the distance between the means of the head and tail distributions, and 'DNA content', defined as the total fluorescence associated with an image, were the most informative features (Olive et al., 1990) . Tail moment histograms generated from 200 or more comets were subjected to a curve-smoothing algorithm.
proportion of cells displaying an aerobic response. A curvefitting algorithm was used to calculate the fraction of hypoxc cells in the tumour of the air-breathing mouse (Olive et al., , 1994a Olive, 1994) . In Figure 1 Tail mowmt Tirapazamine 30 pm produced 20-40 times more DNA single-strand breaks in cells from anoxic spheroids than in cells from aerobic V79 spheroids (Figure 2b and c) , which is very different than the 2-to 3-fold differential in radiation damage between aerobic and anoxic cells shown in Figure 1 . Heterogeneity in response of the cells from anoxic spheroids was relatively small, indicating that DNA of all cells was damaged to a similar extent. In spheroids equilibrated with 10% oxygen and containing approximately 50% hypoxic cells, the pattern of damage was very broad, encompa.sing spheroids with tail moments of 0.5-55 (Figure 2a and d) . Cells with tail moments similar to those of the fully anoxic spheroids constituted about 10% of the spheroid ( Figure  2d ). Previous results have indicated that tirapazamine causes both DNA single-and double-strand breaks (Zeman and Brown, 1989) . Using both the alkaline and neutral comet assays, the presence of DNA single-and double-strand breaks was compared following exposure of Chinese hamster V79 spheroids, under anoxia, to tirapazamine. In the absence of proteinase K, there was a small increase in damage at low doses of tirapazamine, but a subsequent decrease at higher doses. Following incubation of slides with 0.5mg m-1 proteinase K, the amount of DNA damage increased significantly, indicating the presence of protein-linked strand breaks (Figure 3a) . The ratio of single-to double-strand breaks is estimated to be about 10 from these data compared with 18 for the X-ray results shown in Figure 3b . Exposure to 100 oM tirapazamine under anoxic conditions produced double-strand breaks equivalent to about 150Gy.
Tirapazamine induced dose-dependent DNA damage in cells from SCCVII murine tumours (Figure 4a ). However, heterogeneity in DNA damage in the tumour observed 30mmn after drug administration was relatively small and there was no indication of the presence of a separate drugresistant population (Figure 4c ). Waiting longer between drug injection and tumour removal allowed some of the damage to be repaired (Figure 4b ). The range of tail moments increased significantly at 60 and 120 min post injection (Figure 4d and e), allowing resolution of a less damaged population. However, by 4 h after injection, insufficient damage remained to resolve a heavily damaged hypoxic population (Figure 4f) .
Fluorescence-activated cell sorting experiments using the perfusion probe Hoechst 33342 were conducted to determine whether the heavily damaged population of cells was in fact hypoxic. Results indicate that there was a significant difference in the responses for the brightly (well-perfused) and dimly (poorly perfused) fluorescent cells removed from tumours 60 and 120 min after injection of 20 mg kg' tirapazamine. However, a difference between sorted populations was not observed at early times after injection ( Figure 5 ).
Clamping tumours for 1 h following i.p. injection of 20 mg kg-1 tirapazamine resulted in a homogeneous pattern of damage when the tumour cells were subsequently analysed for strand breaks using the alkaline comet assay ( Figure 6 ). This result indicates that all of the cells of the tumour are capable of activating and being damaged by tirapazamine. Moreover, in spite of a high cell density, all cells showed similar levels of damage indicating that the available drug had good access to all cells. Results from a mouse breathing air at the time of irradiation are shown for comparison, with the fraction of 'hypoxic' cells equated arbitrarily to the fraction of cells with tail moments > 24. The basis for this choice was that the SCCVII tumour displays about 20% hypoxic cells measured using the comet assay . The enrichment for hypoxic cells in the dimly fluorescent population seems more convincing for tirapazamine than for X-rays. The SCCVII tumour undergoes transient changes in perfusion which can prevent accurate selection of radiation-resistant hypoxic cells using the Hoechst 33342 cell sorting method (Chaplin et al., 1987) . Perhaps the 1-2 h contact time of the drug with cells of this tumour provides Figure 4b is indicative of strand break rejoining. Using SCCVII tumour cells in vitro, the rate of strand break rejoining was measured following a 1 h incubation of the cells with 200 JAM tirapazamine under aerobic conditions, with repair also observed under aerobic conditions ( Figure  7) . The kinetics was essentially exponential with a half-time of about 50 min. V79 spheroids were incubated for 1 h with 10 )AM tirapazamine under nitrogen, or with 200 AM tirapazamine under aerobic conditions. Damaged spheroids were then allowed to repair under aerobic or anoxic conditions. Whether damage was induced under aerobic or hypoxic conditions, rejoining of breaks occurred with a half-time of about 1 h when cells were subsequently incubated under air (Figure 8a and b, closed symbols) . However, the rate of strand break rejoining was inhibited by incubation of cells under anoxic conditions, and the half-time of repair increased to about 2 h (Figure 8a and b, open symbols). The distribution of damage shown in Figure 8c -f indicates that most cells of the population repaired damage with similar kinetics. Therefore, the slower rejoining kinetics under nitrogen was not the result of the presence of a small population of cells undergoing DNA degradation.
Disca
The ability of tirapazamine to preferentially damage the DNA of hypoxic cells can be readily demonstrated in both V79 spheroids and SCCVII murine tumours. The differential between the response of fully oxic and fully anoxic cells is considerably larger than the differential for ionising radiation-induced DNA damage. The enrichment for hypoxic cells seen in the dimly fluorescent populations of tumour cells is more convincing for tirapazamine (Figures 5 and 6 ) than for X-rays (Figure 1 ). The application of this drug should therefore improve the ability of the comet assay to resolve small fractions of hypoxic cells in solid tumours. However, before tirapmine damage to DNA can be used as a reliable indicator of radiobiological hypoxia, several factors must be considered. The number of strand breaks observed in cells from tirapazamine-treated tumours is the sum of the damage induced by that point in time and the repair that has occurred prior to tumour excision. Our results with spheroids indicate a difference in strand break rejoining rate for spheroids incubated under aerobic or anoxic conditions, so that we cannot assume that rejoining rate (and thus ultimate damage) is independent of oxygenation and other factors. Damage is also a function of the bioreductase activity of the tumour cell, which may vary within a tumour as a result of genetic or environmental influences. Since the distinction between aerobic and hypoxic cells is made only on the basis of DNA strand breaks, it is necessary to assume that bioreductase activity does not vary within the tumour. Our results with tumours from asphyxiated mice (Figure 6 ) support this position, but again this assumption may not always be valid. The relation between tirapazamine-induced DNA damage and oxygen tension is not likely to be identical to the relation between radiosensitivity and oxygen tension (Koch, 1993) , adding another complication to interpretation of comet histograms. It should be noted that none of these problems applies to the use of ionising radiation-induced DNA damage to detect hypoxic cells. Moreover, comet histograms following irradiation can generally be fit to a twocomponent curve which accurately identifies aerobic and radiobiologically hypoxic cells (Figure 1 ). Results obtained with tirapazamine are perhaps more analogous to oxygen electrode histograms, in which a somewhat arbitrary distinction must be made between aerobic and radiobiologically hypoxic tissue on the basis of oxygen tension measurements.
The ability to discriminate damaged from undamaged cells 1-2 h after tirapazamine injection but not 20-30 min after injection could be due to several factors. A possible explanation for the reduced heterogeneity observed in tumour cells at early times after drug injection (Figure 4b ) is that hypoxia is induced in the tumour cells during the process of tumour excision, thus allowing more cells to metabolise the drug when plasma levels of tirapazamine were still high; the plasma half-life of tirapazamine in mice is 15-30 min (Minchinton et al., 1992; Walton and Workman, 1993 , the response in terms of DNA damage is relatively homogeneous, that is, all the cells of the anoxic spheroids show strand breakage (Figure 2c) . Similarly, when tumours are clamped after tirapazamine injection, all of the cells show the same amount of DNA damage, regardless of their position relative to the vasculature ( Figure 6 ). The apparent lack of a correlation between DNA damage and cell killing is reminiscent of effects of the topoisomerase II poison, etoposide . Approximately ten single-strand breaks are produced for each (protein-linked) double-strand break (Figure 3) , a ratio about 2-fold lower than observed for ionising radiation but similar to that observed for etoposide. Protein-linked breaks are not observed using ionising radiation since no additional sensitivity is obtained in the neutral comet assay by including proteinase K during the lysis procedure following irradiation , but proteinase K was found to improve detection of double-strand breaks produced by etoposide (Olive and Banath, 1993a) . Another interesting observation is that the kinetics of strand break rejoining in SCCVII cells appears to be exponential (Figures 7 and 8 ), which could indicate that only one type of lesion is being repaired. Rejoining of breaks is much slower than observed for radiation-induced single-strand breaks, which has been shown to be 3-5 min using this assay . Even rejoining of radiationinduced double-strand breaks, measured using the comet assay, occurs with a rapid half-time of about 15 min (Olive et al., 1994b) Figure 7 and 8. In the model for tirapazamine toxicity proposed by Brown (1993) , lesions produced by this drug are more difficult to repair, analogous to local multiply damaged sites proposed by Ward (1981) for ionising radiation. The slow strand break rejoining kinetics is consistent 
